ABSTRACT. The protective effect of procyanidine and its oligomers against high glucose-mediated oxidative stress injury in endothelial progenitor cells (EPCs), and effect of procyanidin on vascular endothelial growth factor receptor-2 (VEGFR-2) expression and downstream signal pathway were analyzed in vitro. Rat bone marrow mononuclear cells were isolated, cultured under normal and high glucose (HG) conditions, and the changes in cell morphology observed. The EPCs were identified, and the oxidative stress products produced by EPCs (under normal and HG conditions) were quantified. Subsequently, an appropriate number of EPCs were cultured with and without procyanidin (OPC), and the MDA concentration and relative expression of VEGFR-2, AKT, IkB-a, and nuclear factor (NF)-kB were detected 1, 3, 5, and 7 days post-culture. We observed minor (round, translucent, gradually adhering) and significant (fusiform morphology/ pebble distribution) cell morphological changes 3 and 7 days post-culture, respectively. Apoptosis and oxidative stress product release in EPCs cultured with HG increased significantly compared to the control group (P < 0.05). The oxidative stress product generation and relative expression of VEGFR-2, AKT, IkB-a, and NF-kB were not significantly affected by OPC addition in normal glucose conditions (P > 0.05); alternately, products generated as a result of oxidative stress were significantly reduced, the relative expression of VEGFR-2, AKT, and NF-kB protein was upregulated, and that of IkB-a was downregulated (P < 0.05) in HG + OPC EPCs. Therefore, procyanidin may promote cell proliferation by alleviating oxidative damage to EPCs under HG conditions, and upregulating VEGFR-2 expression and its downstream signal pathway.
INTRODUCTION
Diabetes mellitus is a metabolic disorder, with features including high blood sugar and insulin deficiency-induced impaired glucose tolerance and/or islet dysfunction (Brice et al., 2015) . Diabetic vascular disease is the leading cause of death and disability in diabetic patients; 30-40% of the patients are subject to at least one vascular complications after 10 years (Tavintharan et al., 2014) . Numerous studies have shown the association of diabetes mellitus vascular complications with oxidative stress in endothelial cells and endothelial cells derived from progenitor cells (mainly in the bone marrow) (Kizub et al., 2014; Prieto et al., 2014; Yiu and Tse, 2014) . Conventionally, high blood sugar is believed to lead to microvascular and macrovascular disease via four pathways: 1) polyol signaling pathway imbalances, 2) increase in advanced glycation end-product (AGE) formation, 3) increased activation of protein kinase C; and 4) imbalances in the hexosamine signaling pathway (van den Oever et al., 2010) .
In recent years, the possible role of high glucose concentrations in inducing the pathogenesis of diabetic vascular complications has been reported by a number of studies; high glucose concentrations affect the mitochondrial electron transport chain, leading to the "escape" of internal electronic mechanisms, and the generation of large amounts of reactive oxygen species (ROS) (Yao et al., 2006; Hamed et al., 2009 ). The accumulation of ROS in vivo in concentrations that significantly exceed the cell mass (which are at clear range) causes oxidative stress injury, which in turn affects the cell growth and survival cycle. In fact, this is responsible for abnormal metabolism and dysfunction in cells, as well as apoptosis. Therefore, several researchers are attempting to identify effective antioxidant drugs to relieve oxidative stress injury in diabetic vascular complications. A large number of studies have stratified vascular endothelial growth factor receptors (VEGFR) into three subtypes; among these, VEGFR-2 is mainly distributed in the lymphatic and vascular endothelial cell membrane. Studies have also shown that endothelial progenitor cells (EPCs) express VEGFR-2, and that VEGFR-2 activation regulates cell proliferation. In this study, we attempted to elucidate the protective effect of procyanidin and its oligomers on EPCs against oxidative stress. Procyanidin is an antioxidant present in most plants, with the highest content observed in berry plants (Loomans et al., 2005) . Studies have indicated that an increase in the consumption of fruits and vegetables may lead to a corresponding decrease in the incidence of cardiovascular disease. A large number of vegetables and fruits are rich in anthocyanins; grape seeds have the highest concentration of anthocyanin among these. The anti-inflammatory and antioxidant ability of anthocyanin has been substantially proven; eating foods rich in anthocyanin have been reported to stabilize blood pressure and prevent the occurrence of cardiovascular disease (Ghafoor et al., 2009) . Recent studies have shown that anthocyanins protect against and repair endothelial dysfunction induced by the release of oxidative stress products, and reduce the risk factors for cardiovascular disease. Long-term intake of proanthocyanidin and anthocyanin-rich fruits can significantly reduce the risk of type 2 diabetes (Wedick et al., 2012; Hassellund et al., 2013) .
In this study, oxidative stress induced by high glucose was reduced by the administration of proanthocyanidin, in order to verify the role of ROS in VEGFR signaling pathway, which regulates endothelial progenitor cell proliferation and maintains the integrity of the structure and function of endothelial progenitor cells. At present, very few studies conducted domestically and internationally have reported on the regulatory mechanism of oxidative stress under high glucose conditions in EPCs; therefore, in this study, we have attempted to elucidate the effect of proanthocyanidins on the antioxidant function of EPCs exposed to high glucose for the first time. Additionally, we have determined the VEGFR-2 concentration on EPC membrane before and after proanthocyanin exposure, in order to open new avenues for the treatment of diabetic vascular complications.
MATERIAL AND METHODS

Experimental animals
Forty healthy adult Sprague-Dawley rats (average age: 4 months; animal grade: 2) weighing 200 ± 10 g were provided by the Experimental Animal Center of Luzhou Medical College (No. 24101115).
EPC isolation, culture, and identification
EPCs were isolated, cultured, and identified using methods previously reported in literature (Liu et al., 2015) .
CCK-8 assay for the detection of EPC proliferation under varying glucose concentrations
EPCs were divided into two groups: the normal glucose concentration group (Con, 5.5 + 25 mM mannitol) and high glucose concentration group (HG, 30 mM glucose). EPCs were digested and seeded on two 96-well plates at a density of 2 x 10 5 cells/mL. One hundred microliters of the cell suspension was added to five wells on each plate at each of four time points (1, 3, 5, 7 days). Ten microliters of a standard CCK-8 reagent was added to the cells from each time point cultured for 1, 3, 5, and 7 days. Optical densities (OD) of the cells at 450 nm were detected using a microplate reader after culturing for 1.5 h.
Detection of MDA concentration in EPCs cultured with different glucose concentrations
EPCs were cultured on 6-well plates, and digested 1, 3, 5, and 7 days later. The EPC density was adjusted to 2 x 10 5 cells/mL in each well, transferred to freezing tubes, and incubated at -20°C for 1 h. The tubes were then thawed at room temperature. This was repeated for 3 cycles. A cell homogenate was prepared by lysing the cells. MDA concentrations were measured using a standard kit, according to the manufacturer instructions.
Screening for optimal proanthocyanidin (OPC) concentration
EPCs in the HG group were digested and seeded to eight 96-well plates at a density of 2 x 10 5 cells/mL per well. Five wells on each plate were assigned to one of four time points, and 100 mL cell suspension was added to the wells at each time point. OPC was added at the following concentrations: 0, 10, 15, 20, 25, 30, 35 , and 40 mg/mL, to the wells of an 8-well plate. The cells were divided into 8 groups, and CCK-8 reagent (10 mL) was added to each of these cell groups at 1, 3, 5, and 7 days post-culture. The OD at 450 nm was then determined using a microplate reader after 1.5 h.
MDA concentration in EPCs after OPC intervention
EPCs assigned to four groups (Con, Con + OPC, HG + OPC, and HG) were cultured for 1, 3, 5, and 7 days; subsequently, the MDA concentrations in these cells were measured, as detailed by the MDA kit manufacturers.
Western blot for the detection of VEGFR-2, AKT, IkB-a, and NF-kB expression in EPCs were seeded on 96-well plates. The cells were divided into four groups: Con, Con + OPC, HG + OPC, and HG, based on the type of supplement. The total protein produced by EPCs on each plate were extracted 1, 3, 5, and 7 days post-culture: the cells were centrifuged, the supernatant was collected, and the cell debris removed. Protein concentration was determined using the bicinchoninic acid method. The extracted proteins (2 mg/mL) were then electrophoresed and transferred to an NC membrane. The membrane was blocked for 2 h at 37°C, and subsequently incubated overnight with rabbit anti-mouse VEGFR-2 primary antibody at 4°C on a shaker. The membrane was then washed four times with PBST. The membrane was developed using an appropriate developing solution for 3 min, and subsequently rinsed with distilled water to terminate the reaction. The membrane was scanned; subsequently, the molecular weight of the target band was determined and the net OD of the bands measured using a gel image processing system.
Matrigel for the detection of tube number in each group
Matrigel basement membrane matrix is an extracellular matrix protein chiefly comprising laminin and type IV collagen extracted from mouse tumor cells. High concentrations of the Matrigel matrix are used to create a three-dimensional Matrigel at 22°-35°C, which can be used to study cell morphology, function, and differentiation. The Matrigel gradually assumes a tube-like structure when used in the study of differentiation of endothelial progenitor cells into mature endothelial cells. Matrigel basement membrane matrix simulates the biological functions of cell basement membrane in vivo to provide a suitable environment for angiogenesis.
Matrigel was mixed with serum-free media at a ratio of 1:1; the mixture was spread on a 24-well plate, and incubated for half an hour in order to promote solidification. EPCs were digested and divided into four groups: Con + 30 mg/mL OPC, Con, HG + 30 mg/mL OPC, and the HG groups. Each well contained 2 x 10 4 cells. The plates were cultured for 24 h, and the number of tubes in three randomly selected horizons were counted. VEGFR-2 transduction pathway under high glucose ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 15 (1): gmr.15016925
Statistical analysis
Experimental OD values and relative protein expression levels are reported as means ± standard deviation (SD). The data were analyzed using SPSS v.13.0 (IBM, Armonk, NY, USA). Comparisons between the Con and HG groups, Con + OPC and Con groups, and HG + OPC and HG groups were analyzed using the t-test.
RESULTS
Morphological changes in EPCs and double-swallow staining
A majority of the EPCs were round and translucent, and had gradually begun to adhere after 3 days after seeding to 6-well plates ( Figure 1A ). At 7 days, EPCs showed significant morphological changes. A majority of the cells displayed a fusiform morphology and gathering growth ( Figure 1B) . At 14 days post-inoculation, the cells were big and round with increasing transparency, showing a "pebble" form distribution ( Figure 1C ). The EPCs were treated with DiI-ac-LDL and FITC-UEA-1, and the cell color determined by confocal microscopy. FITC-UEA-1-treated ( Figure 2A ) and DiI-ac-LDL-treated ( Figure 2B ) EPCs showed a green and red fluorescence, respectively. Blue fluorescence denoted nuclear staining ( Figure 2C ). Differentiating EPCs showed double green and red staining ( Figure 2D ). 
EPC proliferation under different glucose concentrations
The OD of EPCs in the Con group increased gradually at days 1, 3, 5, and 7. Alternately, the OD values of EPCs cultured under high glucose conditions decreased gradually with time. The OD values shown by EPCs in the Con group were significantly higher than those shown by EPCs in the HG group (P < 0.05; Table 1 ).
Compared to the high glucose group, *P < 0.05. 
MDA concentration of EPCs under differing glucose concentrations
MDA concentrations of EPCs in the Con group increased non-significantly with time. However, the MDA concentrations in the HG EPCs increased significantly compared to the Con EPCs (P < 0.05; Table 2 ).
Determination of appropriate procyanidine concentration for optimal screening
At each time point, obvious EPC proliferation was observed at an OPC concentration of 30 mg/ mL. At a specific time point, the OD of EPCs treated with 30 mg/mL OPC was significantly higher (P < 0.05) than that of EPCs treated with 25 mg/mL OPC, and did not differ significantly (P > 0.05) compared to EPCs treated with 35 mg/mL OPC. This indicated that EPC proliferation was obvious at an OPC concentration of 30 mg/mL, and this concentration was used in all subsequent experiments (Table 3) . Table 3 . EPC proliferation in the presence of procyanidin. 
Effect of procyanidine on MDA in EPCs cultured under high glucose concentrations
The MDA concentration in the EPCs in the Con + OPC and Con groups cultured for 1, 3, 5, and 7 days did not differ significantly (P > 0.05). On the other hand, the MDA concentrations in the EPCs was significantly lower in the HG + OPC group at the four time points compared to the HG group (P < 0.05; 
Effect of procyanidine on VEGFR-2, AKT, NF-κB, and IκB-α expression under high glucose concentrations
The relative expressions of the four proteins did not differ significantly at the four time points (1, 3, 5, and 7 days) between the Con + OPC and Con groups (P > 0.05). The relative expression of VEGFR-2, AKT, and NF-kB, was increased by 6.20, 6.80, 7.64, and 3.58 times (P < 0.05); 3.81, 3.46, 5.11, and 6.00 times (P < 0.05); 1.75, 2.44, 3.26, and 3.46 times (P < 0.05); and that of IkB-a was reduced by 1.41, 1.34, 1.08, and 1.09 times (P < 0.05) at the four time points (1, 3, 5, and 7 days), respectively, in the HG + OPC group compared to the HG group. The relative expression of VEGFR-2, AKT, and NF-kB/p65 increased gradually with time in the HG + OPC group (Figure 3) . 
Effect of OPC on tube formation in each group
The EPC-tube formation did not differ significantly between the normal glucose concentration + OPC and normal glucose concentration groups (21 ± 0.45 vs 20 ± 0.6; P > 0.05), while the EPC-Matrigel tubes formed with cells from the HG + OPC and HG groups differed significantly (17 ± 0.73 vs 10 ± 0.63; P < 0.05; Figure 4 ). 
DISCUSSION
Several studies (Kanikarla-Marie and Jain, 2015; Liu et al., 2015; Seebacher et al., 2015; Wang et al., 2015) have reported that high glucose concentrations lead to over-aggregation of ROS in the body, which results in oxidative stress injury and affects the cell growth and survival cycle. This causes abnormal metabolism and dysfunction in cells, as well as apoptosis, ultimately resulting in diabetic vascular complications, ischemic necrosis, ischemic neuropathy, and paresthesia in the affected limbs. Activation of the polyol signaling pathway and the increase in AGE formation has been strongly associated with oxidative stress (Gradinaru et al., 2012; Tantalaki et al., 2014) . Under normal conditions, EPCs grown in the bone marrow are in a state of dormancy; vascular injury, heart failure or myocardial infarction, limb ischemia and hypoxia, or cytokine or drug stimulation induces the migration of EPCs to the lesion, promoting angiogenesis and injury repair in the affected area. Studies have shown that the cells produce an excess of oxidative stress products under high glucose conditions, which is far beyond the elimination and repair capacity of the body (Stadler et al., 2004; Jiang et al., 2012) . Excessive accumulation of ROS causes disorders in the normal cell growth cycle, leading to the induction of apoptosis. Currently, several methods, traditionally divided into two types (antioxidant constituents and oxidation products), are being employed to detect the degree of oxidative injury in cells. The increase in oxidative products is correlated with the decrease in the antioxidant constituents of the cells, as the former consumes a considerable amount of antioxidant constituents. Catalase, glutathione reductase, superoxide dismutase, and vitamins are commonly used as indicators of antioxidant constituents. The production of a large number of oxidative stressrelated products in the body leads to the destruction of the antioxidant system balance, which in turn is responsible for the denaturation of lipids, proteins, and DNA. Other indicators have been used to indicate the extent of injury induced by macromolecules such as hydrogen peroxide, superoxide anion, MDA, nitrotyrosine, and 8OH-deoxyguanosine. The MDA content in cells reflects the degree of lipid peroxidation, which is often used to measure the severity of intracellular oxidative stress injury. The results of this study showed that the MDA content generated by EPCs under high glucose conditions was significantly higher than that generated by cells subjected to normal glucose conditions. We also observed a time-dependent increase in MDA concentration, which in turn was an indicator of the increased severity of the oxidative stress injury in EPCs. These results were consistent with those reported in literature; high glucose concentrations significantly inhibited the proliferation of endothelial progenitor cells in a time-dependent manner.
The Con + OPC and Con groups and HG + OPC and HG groups were appointed as two sets of controls for the detection of VEGFR-2, AKT, and NF-kB expression in EPCs at four different time points (1, 3, 5, and 7 days). Procyanidins did not affect the VEGFR-2 expression in EPCs under normal glucose concentrations, while significantly increasing the VEGFR-2 expression and its downstream signaling molecules under high glucose conditions in a time-dependent manner. This provided a theoretical basis for the time-dependent mediation of anti-oxidative stress by proanthocyanidins. NF-kB loses its transcriptional activity in the presence of its inhibitor IkB in the cytoplasm of normal EPCs. AKT activates IkB kinase to promote IkB phosphorylation and degradation, causing the separation of IkB from NF-kB. Subsequently, NF-kB is transported to the nucleus, where it regulates transcription, thereby promoting cell proliferation and survival (Liu et al., 2015) . We observed no significant difference in the expression of IkB-a between Con and Con + OPC EPCs (at all time points); on the other hand, IkB-a expression in the HG + OPC group was significantly lower than that in the HG group, further confirming that proanthocyanidins may alleviate the oxidative damage caused by high glucose in EPCs.
In summary, high glucose concentrations stimulate the excessive production of oxidative stress products in EPCs, inhibiting EPC proliferation and tube formation. Proanthocyanidins reduce the oxidative stress response of EPCs induced under high glucose conditions, in turn decreasing the damage to EPCs, and improving cell proliferation and tube formation. The latter functions may be achieved through the upregulation of VEGFR-2, AKT, and NF-kB, and the downregulation of IkB-a in EPCs, which promotes the proliferative and tube formation abilities of EPCs. This indicated that these proteins may be key factors affecting EPC function, thereby indicating the presence of a separate pathway for the repair of vascular damage in EPCs in diabetic patients. However, these results must be validated by further animal experiments and clinical trials.
The extent of tube formation and MDA expression in EPCs cultured under normal and high glucose conditions and in the presence or absence of procyanidin was analyzed at different time points, in order to quantify the oxidative stress products produced by the EPCs. The tube numbers and oxidative stress product generation did not differ significantly between the Con and Con + OPC groups, while significant differences were observed (in these values) between the HG + OPC and HG groups: the tube number and product of oxidative stress produced in the EPCs of the HG + OPC group were respectively greater and lesser than those observed in the HG group at all time points; additionally, the amount of oxidative stress product in the HG + OPC EPCs appeared to decrease with time. These results indicated that normal glucose conditions do not stimulate the excessive production of oxidative stress products (beyond their clearance ability) in EPCs, causing cell damage, while a high glucose environment significantly induces the generation of oxidative stress, thereby inhibiting EPC proliferation. Additionally, we observed that OPC significantly downregulates the stress (high glucose)-mediated generation of oxidative stress products in EPCs in a time-dependent manner. These results implied that proanthocyanidin intervention relieves the oxidative stress product-mediated inhibition of EPC tube formation and improves blood flow in the affected limbs of diabetic patients with vascular complications, ultimately producing a good clinical effect.
In conclusion, high sugar induces an increase in oxidative stress product concentration in EPCs, impairing EPC function in a time-dependent manner. Procyanidins and their oligomeric products can reduce the oxidative stress response induced by high glucose, thereby reducing EPC injury; this provided experimental evidence for the application of procyanidins to the repair of vascular injury in diabetic patients. The anti-oxidative effect of procyanidins and their oligomeric products could be attributed to the increase in VEGFR-2 expression on the cell membrane of EPCs and the decrease in high glucose-mediated inhibition of EPC proliferation through the activation of downstream pathways. Vascular complications of diabetes could therefore be clinically remedied by antioxidant therapy, which improves the EPC tube formation, promotes angiogenesis at the site of injury, and improves injury repair.
